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DISCRETE ELEMENTS FOR 3D serves as an endpoint of a microfluidic channel allowing for 
MICROFLUIDICS fluid flow and passing through at least part of the module . 

The plurality of modules may be arranged into an arrange 
CROSS - REFERENCE TO RELATED ment of modules that fits within a regular polyhedral grid . 

APPLICATION 5 Fluid may flow through at least a subset of the plurality of 
modules via the microfluidic channel of each module of the 

This application is based upon and claims priority to U . S . subset of the plurality of modules . 
provisional patent application 62 / 010 , 107 , entitled “ Discrete A method for fluid handling is described . The method 
Microfluidic Components for Modular Three - Dimensional includes receiving a fluid at a first opening of a first module , 
Circuits , " filed Jun . 10 , 2014 . The entire content of this 10 the first opening coupled to a second module , the second 
application is incorporated herein by reference . module including a second microfluidic channel . The 

method also includes passing the fluid through a microflu 
STATEMENT REGARDING FEDERALLY idic channel that passes through the first module from the SPONSORED RESEARCH 15 first opening to a second opening . The method also includes 

This invention was made with government support under transmitting the fluid through the second opening , the sec 
Grant No . 1ROIGM093279 awarded by National Institutes ond opening coupled to a third module , the third module 
of Health . The government has certain rights in the inven including a third microfluidic channel . 
tion . BRIEF DESCRIPTION OF DRAWINGS 

BACKGROUND The drawings are of illustrative embodiments . They do 
Technical Field not illustrate all embodiments . Other embodiments may be 
This disclosure relates to microfluidic circuits and to used in addition or instead . Details that may be apparent or 

techniques for constructing them . 25 unnecessary may be omitted to save space or for more 
Description of Related Art effective illustration . Some embodiments may be practiced 
Microfluidic technology typically includes devices that with additional modules or steps and / or without all of the 

can manage and move amounts of fluid on a scale of modules or steps that are illustrated . When the same numeral 
nano - liters or smaller . Typically , microfluidic devices have appears in different drawings , it refers to the same or like 
channels for transferring fluids where the Reynolds number 30 modules or steps . 
is less than 100 and often times lower than 1 . In this regime FIG . 1A illustrates a perspective view of a single exem 
of Reynolds numbers , the flow may be laminar . Systems of plary module with a single exemplary connector coupled to 
this nature are rapidly becoming desirable tools for a variety the module . 
of applications , including high - precision materials synthe - FIG . 1B illustrates a perspective view of three exemplary 
sis , biochemical sample preparation , and biophysical analy - 35 modules coupled together in a three - module arrangement in 
sis . Microfluidic devices are commonly fabricated in mono - the shape of a line . 
lithic form by means of micro fabrication . This can limit FIG . 2A illustrates a front view of a male coupling pin of 
device construction to a planar geometry , which can be a connector . 
functionally limiting and expensive . FIG . 2B illustrates a perspective view of a connector . 
Modular microfluidic platforms have been conceived , but 40 FIG . 3 illustrates an example library of different micro 

are all limited to 2 - dimensional platforms , and do not allow fluidic elements , including the connector and different types 
for allow for device assembly in 3 - dimensions . Furthermore , of modules . 
other modular microfluidic platforms are generally limited FIG . 4A illustrates an exemplary 2 - input , 1 - output con 
in scope ( e . g . , may only create microfluidic flow paths with centration gradient generator device in which a single 
little other functionality ) , are prohibitively expensive , are 45 branch resistor varies the mixing ratio . 
difficult to use , or use nonstantadized footprints , models , or FIG . 4B illustrates the exemplary 2 - input , 1 - output con 
connectors / ports . Some may only produce very specific centration gradient generator device of FIG . 4A in symbolic 
types of structures ( e . g . , mixers ) . Further still , other modular circuit notation . 
microfluidic platforms do not allow for facile integration of FIG . 5 is a graph comparing a mixing ratio to a ratio of 
sensors or actuators into their components , which further 50 resistances at the two branches of the gradient generator 
limits the scope of device applications . device of FIG . 4A and FIG . 4B that includes model data as 

Therefore , an improved modular microfluidic platform is well as experimental data , and illustrates a dark - colored fluid 
needed . mixing with a light - colored fluid at various experimental 

points on the graph . 
SUMMARY OF THE CLAIMED INVENTION 55 FIG . 6A illustrates an example of two single - outlet sub 

circuits combined to parallelize operation of a tunable mixer 
A first system for fluid handling is described . The first to yield a two - outlet device . 

system includes a first opening on a first module . The first FIG . 6B illustrates an example of three single - outlet 
system also includes a microfluidic channel passing through subcircuits combined to parallelize operation of a tunable 
at least part of the first module . The microfluidic channel has 60 mixer to yield a three - outlet device . 
at least one endpoint at the first opening . The microfluidic FIG . 6C illustrates an example of four single - outlet sub 
channel allows fluid flow . The first system also includes a circuits combined to parallelize operation of a tunable mixer 
first coupling mechanism allowing fluid flow between the to yield a four - outlet device . 
first opening and a second module . FIG . 7A illustrates the two - outlet device of FIG . 6A in 

A second system for fluid handling is described . The 65 symbolic circuit notation . 
second system includes a plurality of modules . Each module FIG . 7B illustrates the two - outlet device of FIG . 6B in 
of the plurality of modules includes at least one opening that symbolic circuit notation . 
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FIG . 7C illustrates the two - outlet device of FIG . 6C in microfluidic circuits . This may allow for application of 
symbolic circuit notation . network analysis techniques , like those used in classical 

FIG . 8 illustrates an exemplary T - junction emulsification electronic circuit design , which may facilitate a straightfor 
circuit . ward design of predictable flow systems . 

FIG . 9 illustrates an example of four - outlet T - junction 5 A module may be provided with at least one opening , the 
emulsification circuit . opening being an endpoint of a microfluidic channel that 

FIG . 10 illustrates an example of a flow - focus configu passes through at least part of the module . A set of multiple 
ration emulsification circuit . such modules may be arranged into an arrangement of 

FIG . 11A illustrates an example of droplet length mea modules , which may be coupled together using one or more 
surements , measured along the center axis of exit tubing , for 10 coupling mechanisms included on each module . The 
the T - junction emulsification circuit of FIG . 8 . arrangement of modules may fit within a regular polyhedral 

FIG . 11B illustrates an example of droplet length mea grid , and each module within the arrangement of modules 
surements , measured along the center axis of exit tubing , for may have a form suitable for arrangement of the modules 
the flow - focus configuration emulsification circuit of FIG . within the regular polyhedral grid . Fluid may then flow 
10 . 15 through at least a subset of the arrangement of modules via 

FIG . 12A illustrates an example of a module with a the microfluidic channel of each module of the subset of the 
straight pass channel intersecting the bream created between arrangement of modules . Some modules may include sen 
a discrete near infrared ( NIR ) diode emitter to a phototran sors , actuators , or inner microfluidic channel surface coat 
sistor receiver . ings . The arrangement of modules may form a microfluidic 

FIG . 12B illustrates an example of an assembly where the 20 circuit that can perform a microfluidic circuit function . 
near infrared ( NIR ) sensing module of FIG . 12A is placed A sample library of standardized modules and connectors 
downstream from a T - junction producing droplets that can be manufactured following this approach . Flow charac 
absorb the near infrared ( NIR ) beam as they cross its path . teristics of the modules can be derived to facilitate the design 

FIG . 12C illustrates an example of a periodical signal and construction of a tunable concentration gradient gen 
generated by the output of the phototransistor receiver in 25 erator device with a scalable number of parallel outputs . 
FIG . 12A . Systems can also be rapidly reconfigurable by constructing 

FIG . 12D illustrates an example of droplet length mea variations of a microfluidic circuit for generating monodis 
surement distribution as determined by an near infrared perse microdroplets in two distinct size regimes and in a 
( NIR ) sensor and through optical measurements . high throughput mode by simple replacement of emulsifier 

FIG . 13 illustrates an example of an electrical circuit 30 sub - circuits . Active process monitoring can be introduced in 
diagram depicting the operation of the near - infrared droplet the system by constructing an optical sensing element for 
measurement element . detecting water droplets in a fluorocarbon stream . 

FIG . 14 illustrates an exemplary thermal sensing module By moving away from large - scale integration towards 
where the channel coming in from the top surface can house standardized discrete elements , complex 3 - D microfluidic 
an off - the - shelf thermistor diode . 35 circuits can be designed and assembled using approaches 

FIG . 15 illustrates an example of a magnet integrated into comparable to those used by the electronics industry . 
a module , which may be used in conjunction with micron The standardized footprint of modules allows for three 
scale paramagnetic beads . dimensional lattice assemblies . A lattice can be defined as a 

FIG . 16 illustrates an example of a module with an regular periodic set of points in space associated with the 
integrated valve unit . 40 tiling of a primitive cell . Here a primitive cell is constructed 

FIG . 17A illustrates an internal view of an exemplary such that by definition it does not contain a lattice point other 
optical sensor module where an LED is housed on the top than at its corners . A module like that of which has been 
surface of the module and a sensor is housed on the bottom described may occupy an integer number of primitive cells 
surface of the module . in the lattice . The shape of a module may be determined by 

FIG . 17B illustrates an opaque external view of the 45 one of more primitive cells . For example , in a cubic lattice , 
exemplary optical sensor module of FIG . 17A . the modules may be arranged to be simply cubic or an 

FIG . 18 illustrates an example of a mixer module with a integer number of primitive cubes in length , width and 
visible opening on the front left side and a non - visible height . More broadly , a lattice with a polyhedral primitive 
opening on the right - back side , and a visual indicator on the cell may have an integer number of primitive polyhedrals . 
top surface . 50 FIG . 1A illustrates a perspective view of a single exem 

FIG . 19 illustrates an example of a straight - pass module plary module with a single exemplary connector coupled to 
with two openings at the top and at the bottom , and with a the module . 
visual indicator present on several side surfaces of the The exemplary module 100 of FIG . 1A is substantially 
module . cube - shaped . In other cases , a module similar to the module 

55 100 of FIG . 1A may be cylindrical , spherical , or polyhedral 
DETAILED DESCRIPTION OF ILLUSTRATIVE ( e . g . , a cube , a rectangular prism , a polygonal prism , a 

EMBODIMENTS polygonal pyramid , a tetrahedron , an octahedron , a dodeca 
hedron , an icosahedron , or any other three - dimensional 

Illustrative embodiments are now described . Other shape that may be produced from an arrangement of poly 
embodiments may be used in addition or instead . Details that 60 gons ) . While the size of each side of the module 100 of FIG . 
may be apparent or unnecessary may be omitted to save 1A is substantially identical ( e . g . , a cube ) , a different module 
space or for a more effective presentation . Some embodi - may be longer in one or more directions ( e . g . , a rectangular 
ments may be practiced with additional modules or steps prism or an “ L ” or “ T ” or “ X ” or “ plus symbol ” shape ) . 
and / or without all of the modules or steps that are described . The length of each side of the module 100 may be at a 

A microfluidic platform is described herein that includes 65 picometer scale ( e . g . , between 1 and 1000 picometers ) , at a 
modular , reconfigurable modules that contain fluidic and nanometer scale ( e . g . , between 1 and 1000 nanometers ) , at 
sensor elements that may be configured into many different a micrometer scale ( e . g . , between 1 and 1000 micrometers ) , 
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at a millimeter scale ( e . g . , between 1 and 1000 millimeters ) , The external device may include , for example , pump , a 
at a centimeter scale ( e . g . , between 1 and 10 centimeters ) . In reservoir , or a sensor . 
some exemplary modules , at least one side of the module The module 100 of FIG . 1A includes a module channel 
100 may be approximately 0 . 1 to 10 centimeters in length . 105 with one endpoint at the module - coupling opening 110 
In one embodiment , at least one side of the module 100 may 5 and the other endpoint at the external port 115 . The module 
be approximately 1 centimeter in length . channel 105 is a microfluidic channel that may transfer a 

The module 100 includes a module - coupling opening 110 , fluid to and / or from the module - coupling opening 110 , and 
which may be any shape . The module - coupling opening 110 to and / or from the external port 115 . The channel 105 may 

of FIG . 1A is circular in shape , but it may be ovoid or be a cylindrical channel as illustrated in FIG . 1A , or may 
10 alternately be any other three - dimensional shape that may be polygonal ( e . g . , the module - coupling opening 110 may be a used for fluid transfer ( e . g . , an ovoid cylindrical channel or square , a triangle , a rectangle , a pentagon , a hexagon , an a polygonal prism - shaped channel ) . octagon , or any other polygonal shape ) . The module 100 of FIG . 1A is shown coupled to a The module - coupling opening 110 of the module 110 is connector 130 . The connector 130 is an element with two 

located at a female coupling port 140 of the module 100 . The 15 male coupling pins that is designed to assist in coupling a 
female coupling port 140 is an inlet designed to accept a first module to a second module ?eg see the three coupled 
male coupling pin , and may include an elastic reversible seal modules of FIG . 1B ) . In particular , the connector 130 
( or other type of seal , o - ring , or gasket ) to secure a fit includes a top male coupling pin 125 that is uncoupled and 
between the female coupling port 140 and male coupling a bottom male coupling pin 135 that is illustrated as coupled 
pin . For example , the seal may use silicone , rubber , or 20 to the female coupling port 140 of the module 100 . A seal 
plastic . The female coupling port 140 may also include an may in some cases be included as part of each male coupling 
adhesive ( e . g . , glue ) to keep a male coupling pin in place pin to better maintain a connection between the male cou 
once inserted . The female coupling port 140 of FIG . 1A is pling pin and a female coupling port . For example , such a 
illustrated in a coupled state , where the female coupling port seal may be an elastic reversible seal ( or other type of seal , 
140 of FIG . 1A is coupled with the bottom male coupling pin 25 O - ring , or gasket ) to secure a fit between the male coupling 
135 of the connector 130 . pin 135 and female coupling port 140 . For example , the seal 

The female coupling port 140 of FIG . 1A is in the shape may use silicone , rubber , or plastic . The male coupling pin 
of a rectangular prismic indentation into the center of the top 135 may also include an adhesive ( e . g . , glue ) to keep a male 
face of the module 100 , but may be another shape ( e . g . , a coupling pin 135 in place once inserted into the female 
cylindrical indentation , a ovoid cylindrical indentation , a 30 coupling port 140 . 
polygonal prismic indentation ) . Similarly , the bottom male The connector 130 includes a connector channel 150 that 
coupling pin 135 and top male coupling pin 125 of the is illustrated as a square - prism - shaped tube in FIG . 1A ( but 
connector 130 of FIG . 1A in the shape of a rectangular may alternately be a different shape , such as a cylindrical 
prismic extrusion from the circular bottom and top faces of tube or polygonal prismic tube ) . The connector channel 150 
the connector 130 but may be another shape ( e . g . , a cylin - 35 allows fluid flow between the connector top opening 145 at 
drical extrusion , a ovoid cylindrical extrusion , a polygonal the end of the top male coupling pin 125 and the module 
prismic extrusion ) . coupling opening 110 at the surface of the female coupling 

The module 100 also includes an external port 115 . The port 140 of the module 100 ( coupled to the end of the bottom 
external port 115 may be a port that allows fluid flow to and male coupling pin 135 ) . The square prism shape of the male 
from an external device ( not shown ) that may attach to the 40 coupling pins and connector channel 150 may be used for 
module 100 using the external port 155 . The external port optical clarity ( e . g . , quick differentiation of interfaces ) and 
115 may be of a size that allows a standardized fluid transfer to ensure consistent cross - sectional channel orientation 
interface with existing external devices . For example , the between the channel 105 and connector channel 150 . 
external port 115 may be designed to snugly fit widely While the connector channel 150 is illustrated using a 
available polyether ether ketone ( PEEK ) tubing ( e . g . , typi - 45 different shape ( e . g . , a square prism shaped tube ) as the 
cally 1 / 16 inch outside diameter , 1 / 8 inch outside diameter , 1 . 8 shape of the channel 105 ( e . g . , a cylindrical tube ) , it should 
millimeter outside diameter ) or capillary PEEK tubing ( e . g . , be understood that this shape different is exemplary rather 
typically 360 micrometer outside diameter , 510 micrometer than limiting . The connector channel 150 and channel 105 
outside diameter , or 1 / 32 inch outside diameter ) in order to may be the same shape in some cases . 
allow users to interface with their existing external devices 50 The connector 130 of FIG . 1A also includes a spacer 153 , 
without having to commit to a proprietary chip - to - world which is cylindrical as illustrated in FIG . 1A ( but may 
interconnect solution . The channel 105 and / or module - alternately be a different shape , such as a polygonal prism or 
coupling opening 110 may thus have a similarly sized a sphere ) . The spacer 153 is optional ( e . g . , the connector 130 
outside diameter as any of the sizes of PEEK or capillary may simply be two male coupling modules 125 and 135 
PEEK tubing described above . Alternately , the external port 55 back - to - back ) . If the spacer 153 is included as part of the 
115 may include a proprietary fluid transfer port or connec - connector 130 , it may be transparent or translucent and 
tor . behave as a lens that optically magnifies the appearance of 

The external port 115 may in some cases include a seal to fluid flowing through the connector channel 150 to aid in 
better maintain a connection with an external device . Such post - assembly test and inspection . The spacer 153 may also 
a seal may be an elastic reversible seal ( or other type of seal , 60 assist in more easily putting together multiple modules ( e . g . , 
O - ring , or gasket ) to secure a fit between the external port by making the connector 130 larger and easier to grasp ) and 
115 and external device ( e . g . , which may connect to the more easily viewing separate modules once multiple mod 
external port 115 through PEEK tubing ) . For example , the ules are coupled together ( e . g . , by spacing the modules 
seal may use silicone , rubber , or plastic . The external port farther apart and allowing viewing of the fluid flow via the 
115 may also include an adhesive ( e . g . , glue ) to keep an 65 lens functionality of the spacer 153 ) . 
external device or tubing in place once such a connection is A second module ( not shown ) may couple to the connec 
made . tor 130 at the connector top male coupling pin 125 ( e . g . , at 
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a female coupling port of the second module ) . The module code , or some combination thereof . Various types of exem 
100 may thus be coupled to a second module ( not shown ) . plary modules and exemplary corresponding visual identi 

The first module 100 may alternately be coupled to a fiers are listed in FIG . 3 . 
second module ( not shown ) without the connector 130 if the The top male coupling pin 125 of the connector 130 may 
second module ( not shown ) includes a male coupling pin 5 then be used to couple or affix a second module ( not shown ) 
oriented similarly to the bottom male coupling pin 135 of to the first module . In particular , a female coupling port ( not 
FIG . 1A . shown ) of the second module ( not shown ) may couple with 

Another module may include , in place of the external port the top male coupling pin 125 of the connector 130 . The 
115 of the module 100 , a second module - coupling opening bottom male coupling pin 135 of the connector 130 may then 
with a second female coupling port similar to the module 10 couple with the female coupling port 140 of the first module 

100 as illustrated in FIG . 1A , thus coupling the first module coupling opening 110 and female coupling port 140 ( e . g . , 100 with the second module ( not shown ) . see central module 170 of FIG . 1B ) . This may allow such a In an alternate embodiment , the connector 130 may be module to be coupled to two different modules on either end . permanently coupled to the module 100 ( e . g . , the bottom 
Yet other modules may include one or more additional 15 male coupling pin 135 of the connector 130 and the female module - connecting openings and corresponding female cou coupling port 140 of the module 100 are fused together , 
pling ports ( e . g . , see the various types of modules . Yet other adhesively attached , or manufactured without any separa 
modules may include additional external ports similar to tion ) . 
external port 115 . Some modules may include multiple In another alternate embodiment , the module 100 may 
module - connecting openings and corresponding female cou - 20 include a male coupling pin in place of the female coupling 
pling ports on a single face . Some modules may include port 140 , while the connector 130 may include two female 
multiple external ports on a single face . coupling ports in place of the top male coupling pin 125 and 

Some modules may include various mechanisms , such as bottom male coupling pin 135 . 
sensors ( thermal sensor , a chemical sensor , an optical sensor , Module and Connector Design 
an electrical sensor , a mechanical sensor , a magnetic sensor ) , 25 FIG . 1B illustrates a perspective view of three exemplary 
mixer modules ( e . g . , which may include helical or winding modules coupled together in a three - module arrangement in 
channels in order to aid the mixing of two fluids ) , resistors the shape of a line . 
( e . g . , that slow the flow of a fluid the higher the resistance The three - module arrangement 155 of FIG . 1B includes , 
of the resistor , for example using channels that are length from left to right , a leftmost module with one opening 160 , 
ened using turning or winding or helical paths , channels that 30 + 30 a connector 165 , a central module with two openings , a 

connector 175 , and a rightmost module with one opening are narrowed , or channels that are partially occluded such as 180 through a porous solid placed within the channel ) , actuators The connector 165 and connector 175 may be separate ( e . g . , powering valves , magnets pumps , or reservoirs ) . Vari male - to - male connectors as illustrated in FIG . 1A . If this is ous types of exemplary modules are listed in FIG . 3 . 35 the case , the leftmost module 160 then includes a single Methods of fabrication of the module 100 may utilize female coupling port on its rightmost face , the rightmost 
Polydimethylsiloxane ( PDMS ) or Poly ( methyl methacry - module 180 includes a single female coupling port on its 
late ) ( PMMA ) by lost wax casting . Other materials that may leftmost face , and the central module 170 includes a first 
be used through additive manufacturing techniques may female coupling port on its leftmost face and a second 
include but are not limited to acrylates , acrylonitrile buta - 40 female coupling port on its rightmost face . The connector 
diene styrene ( ABS ) plastic , polylactic acid ( PLA ) , polycar - 165 connects the leftmost module 160 to the central module 
bonates , polypropylenes , polystyrenes , other polymers , 170 , and the connector 175 connects the central module 170 
steel , stainless steel , titanium , gold , and silver . to the rightmost module 180 . 
One or more exterior faces of each module 100 may be Keeping the module - based coupling mechanisms female 

marked or embedded with symbolic visual indicators 120 45 and the spacer - based coupling mechanisms male allows for 
that point out the orientation and / or type of element . This consistency in joinder operations between different modules . 
may aid in rapid assembly based on diagrammatic expres - In an alternate embodiment , the module 160 , module 170 , 
sion of the intended system . These may be similar to and module 180 may include male coupling pins , while the 
orientation marks on the packaging of fundamental discrete connector 165 and connector 175 may each include two 
electronic components , such as resistors , capacitors , induc - 50 female coupling ports . Consistency in joinder operations 
tors , and diodes . For example , the visual indicators 120 of between different modules is maintained using this coupling 
FIG . 1A indicate that the module 100 includes a module method . In yet another alternate embodiment , the modules 
coupling opening 110 and a external port 115 . The visual of FIG . 1B may have a mixture of male and female coupling 
indicator 120 of FIG . 1A is a shape similar to a “ T ” that is ports , and the spacers of FIG . 1B may then also have a 
engraved into each side surface of the module 100 , with the 55 mixture of male and female coupling ports . Such an alternate 
long central pillar of the “ T ” shape aligned with the channel embodiment may break consistency of joinder operations , 
105 and endig at the module - coupling opening 110 , and the but may be useful , for example , to suggest to a user that 
perpendicular endpiece of the “ T ” shape corresponding to certain modules should be combined in a particular order . 
the face of the module 100 that includes the external port Such a suggestion may also be accomplished by differently 
115 . The visual indicator 120 may be one or more exterior 60 shaped male coupling pins and corresponding female cou 
surfaces of a module 100 ( e . g . , in FIG . 1A , the four exterior p ling ports for modules that should be coupled together . 
surfaces not including the module - coupling opening 110 and While the connector 165 and connector 175 may be 
the closed endpoint 115 ) . A visual indicator 120 may include separate elements from the modules of FIG . 1B , this need 
an engraved shape ( e . g . , as in FIG . 1A ) , an embossed shape , not be the case . In particular , each of the connector 165 and 
an engraved alphanumeric string , an embossed alphanu - 65 the connector 175 may be permanently coupled directly to at 
meric string , a printed image , a printed alphanumeric string , least one of the modules of FIG . 1B as discussed as an 
a printed barcode , an engraved barcode , an embossed bar alternate embodiment of FIG . 1A . For example , connector 
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175 may be coupled to the rightmost module 180 and ments of modules to behave similarly to electronic circuits , 
connector 165 may be coupled to the central module 170 . with the circuit symbols 320 identified in FIG . 3 being 
Alternatively , connector 175 may be coupled to the central possible circuit symbols that may be used corresponding to 
module 170 and connector 165 may be coupled to the each identified element . 
leftmost module 160 . Alternatively , connector 175 may be 5 The library of FIG . 3 is arranged in a table . The first 
coupled to the rightmost module 180 and connector 165 may ( leftmost ) column 305 names particular microfluidic ele 
be coupled to the leftmost module 160 . Alternatively , con ments 305 . The second column 310 identifies an exemplary 
nector 175 and connector 165 may both be coupled to the visual indicator 310 that may be used to identify each named 
central module 170 ( e . g . , so that the central module 170 has element . The third column 315 illustrates an exemplary 
two male coupling pins 125 ) . 10 10 illustrated embodiment 315 of the identified element . The 

FIG . 2A illustrates a front view of a male coupling pin of fourth column 320 identifies a circuit symbol 320 that may 
a connector . correspond to the particular module identified . 

The connector 130 of FIG . 2 includes a spacer 153 with Each of the modules depicted in FIG . 3 may have different 
a connector face 220 ( e . g . , also a face of the spacer 153 ) and terminal hydrodynamic properties . Example terminal hydro 
includes a male coupling pin 205 ( e . g . , the top male coupling 15 dynamic properties of these example modules are given in 
pin 125 or bottom male coupling pin 135 ) with square the following Table 1 : 
connector top opening 210 ( e . g . , connector top opening 145 ) 
to a square - prism - shaped connector channel 150 . TABLE 1 

The channel opening 210 ( and therefore channel 150 ) R may be centered at the top male coupling pin 205 . The 20 Element h ( um ) Label ( MPa . s . m - 3 ) ( MPa : 5 m - 3 ) 
seating of the top male coupling pin 205 within a female 

Connector 1000 227 . 2 coupling port ( not shown ) , which may be an inlet or port RC , 1000 223 . 1 + 5 . 5 % 
500 RSP , 500 2726 . 4 2720 . 41 + 3 . 7 % shaped like an inward rectangular prism , may ensure self Straight Pass 750 RSP , 750 538 . 55 525 . 69 + 6 . 2 % 

alignment and continuity between channels , as illustrated in 170 . 4 169 . 67 + 3 . 1 % 
FIG . 1A between the connector channel 150 and the module 25 2726 . 4 2720 . 41 = 3 . 7 % 

L - Joint 538 . 55 channel 105 . Unlike jumper - cable style interconnects , cou 525 . 69 = 6 . 2 % 
1000 170 . 4 169 . 67 + 3 . 1 % pling mechanisms of this style may suffer from an accumu 16227 17708 . 04 + 4 . 2 % 

lation of particles or increase requirements for sample Mixer 750 6395 . 3 6218 . 5 = 7 . 2 % 
volumes by breaking circuit routing out of the microfluidic 1000 1846 1838 . 1 3 . 1 % 

500 1363 . 2 environment . 30 1360 . 21 + 3 . 7 % 
T - Junction 269 . 28 262 . 85 = 6 . 2 % The connector channel 150 may have , for example , an 1000 85 . 2 84 . 835 + 3 . 1 % 

approximately 1 millimeter ( mm ) side length ( or , e . g . , a 1 1363 . 2 1360 . 21 3 . 7 % 
mm diameter if the connector channel 150 was a circular X - Junction 269 . 28 262 . 85 6 . 2 % 

84 . 835 + 3 . 1 % prism and the connector top opening 210 a circle ) . Alter Interface 448 . 79 438 . 08 + 6 . 2 % nately , a different side length or diameter may be used that 35 XT - Junction 269 . 28 262 . 85 = 6 . 2 % 
maintains a low Reynolds number . XX - Junction 269 . 28 262 . 85 + 6 . 2 % 

The connector channel 150 may be larger than a module IR Sensor 642 . 5 RiR . 642 . 5 999 . 95 993 . 57 0 . 99 % 
channel 105 ( e . g . , module channel 105 of module 100 of 
FIG . 1A ) . For example , a module channel 105 may have a Table 1 charts each element listed in FIG . 3 as well as an 
500 - 750 micrometer side length ( or diameter ) . This may 40 Infrared ( “ IR ” ) sensor . Table 1 includes a measurement “ h ” . 
limit the contribution of the connector channel 150 to which measures a side length of a channel ( e . g . , assuming a hydrodynamic resistance , while ensuring low Reynolds square - prism - shaped channel ) of the microfluidic element 
number flow and microliter scale enclosed volumes , pre ( e . g . , the module channel or the connector channel if the 
serving the hallmark conditions for microfluidic flow . Tables element is the connector ) in micrometers ( ' um ” ) . Table 1 2 and 3 herein set forth examples . 45 gives each of these modules gives each of these modules ( at each channel side length ) a 

FIG . 2B illustrates a perspective view of a connector . In label . Table 1 then gives a calculated hydrodynamic resis 
particular , FIG . 2B illustrates a perspective view of the tance R of the element , in units of Megapascal ( MPa ) connector 130 of FIG . 1 with opaque sides ( e . g . , the con seconds ( s ) per cubic meter ( m ^ - 3 ) , as well as an experi 
nector channel 150 is not visible ) while it is separate from mentally observed hydrodynamic resistance Rexp in the same 
the module 100 . 

FIG . 3 illustrates an example library of different micro The hydraulic resistance of each element was calculated fluidic elements , including the connector and different types for use in circuit analysis assuming low Reynolds number 
of modules . The connector 325 ( e . g . , the connector 130 of flow , and varied by either modulating the cross - sectional FIG . 1A , FIG . 2A , and FIG . 2B ) may be used to couple the side length of the channel or the length of the channel 
various different types of modules together . The modules 55 segment packed into the module . Each element was 
include a straight pass 330 , an L - joint 335 , a mixer 340 , a designed using straight channel segments with square cross 
T - junction 345 , an interface 355 ( e . g . , the module 100 of sections such that the net resistance for geometrically com 
FIG . 1A is an interface module 355 ) , an XT - Junction 360 , an plex two - port devices ( e . g . helically shaped mixers ) could be 
XX - Junction 365 ) . computed from the series addition of internal resistances . 

Each module may have a corresponding visual indicator 60 The resistances of segments themselves were calculated 
310 that may be used to identify it , similarly to the “ T ” using the following equation : 
shaped visual indicator 120 of module 100 . Each module 
may also have a corresponding circuit symbol 320 . The 
circuit symbol 320 corresponding to each module associates 28 . 49L 
the particular module with a circuit symbol commonly used 65 
in electronics ( e . g . , resistors , power sources , ground ) . The 
various modules may perform functions that allow arrange 

R1 , 1000 
R ( D ) , 500 
RT ) . 750 
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This equation was derived from the solution to the Navier flow from Source B 440 in the left branch is depicted as QB 
Stokes equation for Poiseuille Flow in straight channels . See 445 . Fluid flow from Source Y 450 in the right branch is 
Bruus , H . Theoretical Microfluidics . n is the dynamic vis - depicted as Qy455 . Fluid flow after the T - junction 460 ( e . g . , 
cosity of pure water at room temperature ( 1 mPa s ) , L is the in the output prong ) is depicted as lo 465 . 
length of a channel segment , and h is the height or width of 5 The assembly illustrated in FIG . 4A and FIG . 4B was 
the square cross - section ) channel . modeled as an equivalent circuit consisting of two branch 

In order to determine the approximate resistance of the resistors RR and R , grounded by two source reservoirs ( e . g . , 
modules to use in a further network analysis of assembled Source B 440 and Source Y 450 ) and terminated by outlet 
circuits , the average cross - sectional side - length of several resistor Ro and an outlet reservoir 430 . The Source B 440 
channels was optically measured , as reflected in the follow - 10 and Source Y 450 may , for example , be reservoirs of two 
ing Table 2 , and the variation from designed values was different dyes , such as blue and yellow . Each branch was 
determined : designed to differ only in resistance , specifically at the 

reference and selected module resistance ( Ryer 405 and 
TABLE 2 Rselect 410 ) , while having identical support modules result 

15 ing in equal structural resistance Rstruct . All resistors in the 
h ( um ) hmeasured ( um ) equivalent circuit model were approximated by series addi 

tion of their contributing element resistances in the actual 1000 1001 = 8 
754 + 12 100 module assembly ( see FIG . 3 and the “ Label ” column of 
644 2 Table 1 for subscript nomenclature ) : 
621 + 7 

500 500 + 5 R = R1 , 750 + R ( 7 ) , 750 + 3RC , 1000 + R2 , 750 + RSP , 750 = Rstructt 

11 

75 
750 
642 . 5 
635 20 

Rref 

Rselect 
In Table 1 , the values “ h ” illustrate the side lengths of 

modules as intended , in micrometers . The values “ hmeasured " RE = R1 , 750 + R ( 79 , 750 + 3RC , 1000 + R2 , 750 + RSP , 750 = Rstruert 
illustrate an average of side lengths of actually produced 25 
microfluidic elements . The values “ n ” are a sample size of 
the number of experimental microfluidic elements produced R = R ( 7 ) , 750 + RC , 1000 + R1 , 750 
at the given side lengths . The module reference resistor Rref 405 and variable resis 

The expected resistance and tolerance ( Table 1 ) for each tor Rselect 410 may uniquely control how much of the source 
element associated with these values was found to deviate 30 fluids ( e . g . , blue and yellow dye or non - oil liquid ) enter the 
within a range comparable to that of standard discrete outlet T junction by throttling the action of the pressure 
electronic resistors . For elements with more than two ports , source differently in their respective branches . This may be 
an equivalent internal circuit model was constructed and the analogous to the use of a current divider in electronic circuit 
internal segment resistance is stated explicitly . In elements design to deduce an unknown resistance with respect to a 
with bends and corners , the resistance for each straight 35 known resistance . Nodal analysis was applied in the T - junc 
internal segment was added in series by assuming low tion in order to calculate the pressure where the two dye 
Reynolds number ( i . e . purely laminar ) flow . streams were combined , such that Q = Q + Qs . The contri 

Tunable Mixing Through Flowrate Division bution of each dye stream to the outlet streams was then 
The accuracy of the element resistance calculations was computed by simple application of Poiseuille ' s Law 

gauged by constructing a parallel circuit that compares 40 ( deltaP = QR ) ( delta of Pressure = flow rate * hydrodynamic 
disparate branch flow rates due to a constant pressure source . resistance ) , to each branch resistor : 

FIG . 4A illustrates an exemplary 2 - input , 1 - output con 
centration gradient generator device in which a single 
branch resistor varies the mixing ratio . The single branch Qy = - PlRR . + R . R + ROR ] 
resistor is located on the right branch of the device and is 45 
labeled as RSELECT 410 in FIG . 4A , and is a mixer module 

2b = " RRs + R Rs + RR = P ( ng 340 . The left branch of the device instead includes a straight 
pass module 330 in the corresponding location , labeled RREF 
405 ( e . g . , a " reference ” resistance ) . The left branch is The volumetric mixing ratio m , of dye streams combined coupled via an external port 115 to a source B 440 , while the 50 in le the so in the outlet resistor was predicted to have simple depen right branch is coupled via an external port 115 to a source dency on only the selected , reference , and branch structural Y 450 . The two branches meet at a T - junction 460 when the resistances : fluid is pulled using a negative displacement pump 420 from 
the source B 440 and source 450 and eventually into the 
reservoir 430 . An output resistance is measured after the 55 Rstruct + Rref T - junction 460 as ROUTPUT 415 . Rstruct + R select The negative displacement pump 420 may , for example , 
be a syringe pump . 

FIG . 4B illustrates the exemplary 2 - input , 1 - output con FIG . 5 is a graph comparing a mixing ratio to a ratio of 
centration gradient generator device of FIG . 4A in symbolic 60 resistances at the two branches of the gradient generator 
circuit notation . In particular , RREF 405 , RSELECT 410 , device of FIG . 4A and FIG . 4B that includes model data as 
ROUTPUT 415 are depicted as resistors . Source B 440 ( e . g . , well as experimental data , and illustrates a dark - colored fluid 
a reservoir filled with a first source fluid ) , Source Y 450 ( e . g . , mixing with a light - colored fluid at various experimental 
a reservoir filled with a second source fluid ) , and Reservoir points on the graph . The mixing ratio ( m , 520 ) is illustrated 
430 ( e . g . , a reservoir to receive the resulting mixed output 65 along the vertical axis of the graph , while the ratio of 
fluid ) are depicted as ground elements . The negative dis - resistances at the two branches of the gradient generator 
placement pump 420 is depicted as a power source . Fluid device ( Rrefselect 510 = Rref 405 divided by Rselect 410 ) is 

mo = = Rs 
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illustrated along the horizontal axis . As explained in the FIG . 6B illustrates an example of three single - outlet 
legend 500 , the line of FIG . 5 depicts modeled data accord subcircuits combined to parallelize operation of a tunable 
ing to the equations above , while the points depict experi mixer to yield a three - outlet device . 
mental results . FIG . 6C illustrates an example of four single - outlet sub 

The various square inserts ( 530 , 540 , 550 ) in the figure 5 circuits combined to parallelize operation of a tunable mixer 
illustrate depictions of the co - flowing streams at the T - junc - to yield a four - outlet device . 
tion 460 such that the ratio of stream widths was used to find As illustrated by FIG . 6A , FIG . 6B , and FIG . 6C , the 
the output mixing ratio m . . The depiction is based on operational principles of the microfluidic circuit of FIG . 4A 
experimental results using a blue dye and a yellow dye , but and FIG . 4B may be expanded by using it as a module in 
herein is recolored as a dark - colored fluid and a light - 10 two , three , and four outlet , large - scale tunable mixers by 
colored fluid . The method of Park et al . ( Choi S , Lee MG , adding or replacing T - , X - , and XT - junctions near the 
Park J - K , Biomicrofluidics , 2010 ) was adapted to measure reservoir inlets . In this manner , the symmetry of the device 
several mixing ratios with varying Robert 410 and compared around a single axis through which input streams are split 
to theoretical values calculated from the equation above , may be maintained , such that the structural resistance in 
validating the simple nodal model with good agreement 15 each new single outlet sub - circuit is unchanged between 
between the experimental results and the model . The resi - configurations . 
dent widths of unmixed collinear dye streams were mea FIG . 7A illustrates the two - outlet device of FIG . 6A in 
sured optically in the junction before diffusive mixing could symbolic circuit notation . The symbolic circuit notation of 
occur . Assuming that the two dyed water streams have equal FIG . 7A illustrates that the output flow Q 620 is collected 
dynamic viscosity , the ratio of their resident widths may then 20 at a Collector 1 705 , and that the output flow Q 640 is 
be directly proportional to their flow rates and thus the collected at a Collector 2 710 . The mechanism may be 
resistances of their originating branches . driven by a negative displacement pump 720 connecting the 

In particular , the graph of FIG . 5 illustrates results in two output flow blocks ( not shown in FIG . 6A ) . 
which Source Y 450 , which is at the same branch as Roster FIG . 7B illustrates the two - outlet device of FIG . 6B in 
410 , was filled with yellow dye ( here illustrated as light - 25 symbolic circuit notation . 
colored fluid ) and Source B 440 , which is at the same branch FIG . 7C illustrates the two - outlet device of FIG . 6C in 
as Ref . 405 , was filled with blue dye ( here illustrated as symbolic circuit notation . 
dark - colored fluid ) . Higher values for Rester 410 are illus - FIG . 7A , FIG . 7B , and FIG . 7C , each illustrates an 
trated as further left along the horizontal axis 510 . Higher example of an equivalent circuit diagram for the module 
values for Reetect 410 thus resulted in less yellow dye and 30 assemblies illustrated in FIG . 6A , FIG . 6B , and FIG . 6C , 
more blue dye at the output ( facing left ) . For example , the respectively . In a planar setting , this control over paralleliza 
result 550 has the least yellow dye due to a higher Rselect 410 tion of operation may be impossible due to the need for extra 
resistance value , the result 530 has the most yellow dye due structural modules in order to connect these sub - circuits to 
to a lower Rselect 410 resistance value , and the result 540 has the inlets . By driving this circuit with a constant pressure 
the is in between . 35 source ( e . g . , the negative displacement pump 720 of FIG . 

With the ability to quickly modify the assembly , this 7A or similar negative displacement pumps at FIG . 7B and 
circuit becomes a useful tool for generating precise mixing FIG . 7C ) , each sub - circuit can be analyzed as a unit with a 
ratios based on a comparison of select and reference module mixing ratio which is independently controlled by its cor 
resistances . responding branch resistance ratio , as seen in the equivalent 

FIG . 6A illustrates an example of two single - outlet sub - 40 circuit diagrams in FIG . 7A , FIG . 7B , and FIG . 7C . 
circuits combined to parallelize operation of a tunable mixer Configurability : Microdroplet Generation 
to yield a two - outlet device . In particular , the two single - In addition to being straightforward to analyze in terms of 
outlet subcircuits are both structured similarly to the gradi - element - by - element hydrodynamics , modular microfluidic 
ent generator device of FIG . 4A and FIG . 4B . The two - outlet systems may offer the advantage of simple reconfigurability . 
device of FIG . 6A includes a R 615 and a Rref 610 at the 45 The ability to rapidly assemble and modify two common 
two branches of the left side subcircuit ( mixing input A 605 microfluidic circuit topologies used to generate droplets was 
and input B 610 and outputting output flow loi 620 ) , and demonstrated : T - junction and flow - focus ( see Choi S , Lee M 
a R 2 635 and a Rrer2 630 at the two branches of the right - side G , Park J - K , Biomicrofluidics , 2010 , hereby incorporated by 
subcircuit ( mixing input A 605 and input B 610 and output - reference , for a review of these methods ) . 
ting output flow Q 640 ) . 50 FIG . 8 illustrates an example of a T - junction emulsifica 

While R , 615 is illustrated as a mixer module 340 ( which tion circuit . In the T - junction configuration illustrated in 
may behave as a resistor by including , for example , a FIG . 8 , a single syringe pump ( e . g . , a negative displacement 
narrowed and / or longer winding channel pathway that takes pump located past the output flow 830 ) may be used to drive 
longer for fluid to traverse ) , R , 2 635 is instead illustrated as two dye - bearing water streams ( e . g . , first dye input 805 and 
a straight pass module 330 . A straight pass module 330 ( or 55 second dye input 810 ) into the circuit where they may be 
any other non - mixer module , such as an L - junction or a combined ( e . g . , at the first T - junction 815 ) , mixed ( e . g . , at 
T - junction ) may have an increased resistance by , for the mixer module 820 ) , and emulsified ( e . g . , at the second 
example , narrowing the module channel within the module , T - junction 830 ) in a carrier ( e . g . , oil ) stream ( e . g . , from 
introducing “ turning " or " winding ” or “ spiraling " portions carrier input 825 ) before being output at output flow 830 . 
of the module channel to lengthen the module channel , or by 60 The result of the T - junction emulsification circuit of FIG . 8 , 
partially occluding the module channel within the module at the right flow rates , is to " cut ” the aqueous flow at the 
( e . g . , by filling at least part of it with a porous solid ) . The second T - junction 830 so that the output flow 830 is output 
resistance of a mixer module 340 may similarly be increased as droplets of the aqueous solution instead of as a steady 
with narrowness of the channel , increasing the length of the stream of the aqueous solution . The droplets are output in the 
channel as specified above , or partially occluding the chan - 65 output flow 830 along with the carrier , which may be oil . 
nel as specified above . Different embodiments may use a Example results of the T - junction emulsification circuit of 
different combination of different types of resistors . FIG . 8 are illustrated in FIG . 11A . 
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If the mixer module 820 has a helical channel portion , it The droplet length ( vertical axis 1165 ) visibly increases as 

may in some cases lose effectiveness at aqueous flow rates the aqueous flow rate ( horizontal axis 1160 ) increases . 
above 2 . 5 milliliters per hour ( mL hr - - ) , determining the Several dark - colored aqueous droplets are shown in light 
upper bound for the aqueous phase sub - circuit operation . colored carrier solutions . For example , droplet 1180 , mea 
The carrier phase flow rate may in this case be held constant 5 sured at an aqueous flow rate of approximately 2000 milli 
at 1 mL hr - ' , while the aqueous phase flow rate may be liters per hour , is noticeable larger than droplet 1175 , which 
varied , resulting in well - defined steady - state control of drop - was measured at an aqueous flow rate of approximately 
let size down to sub - millimeter sizes . 1000 milliliters per hour , and which is noticeably larger than 

FIG . 9 illustrates an example of a four - outlet T - junction droplet 1170 , which was measured at an aqueous flow rate 
emulsification circuit built in three dimensions . As illus - 10 of approximately 250 milliliters per hour . 
trated in FIG . 9 , a 3 - dimensional quad - outlet version of the Ultimately , then , both the circuit of FIG . 8 and the circuit 
T - junction sub - circuit ( the T - junction emulsification circuit of FIG . 10 were measured optically and shown to reliably 
of FIG . 8 ) may be constructed in order to parallelize depend on the ratio of aqueous and carrier phase flow rates . 
operation for high - throughput applications . Versatility : In - Situ Monitoring of Micro - Droplet Genera 

A single aqueous input ( e . g . , coupled to a dye or non - oil 15 tion 
liquid reservoir ) 905 may be is located in the center of the Active elements may be incorporated into the modular 
left side of the circuit illustrated in FIG . 9 , while a single packaging described herein by building sensors and actua 
carrier input ( e . g . , coupled to an oil reservoir ) 910 may be tors into the stereo - lithographically fabricated parts . 
located on the right side of the circuit illustrated in FIG . 9 . FIG . 12A illustrates an example of a module with a 
The four output flows may produce aqueous droplets in an 20 straight pass channel intersecting the bream created between 
oil solution as described in relation to FIG . 8 , and may be a discrete near infrared ( NIR ) diode emitter to a phototran 
located in a “ plus symbol ” configuration around the aqueous sistor receiver . As illustrated in FIG . 12A , an off - the - shelf , 
input 905 . near - infrared ( NIR ) emitter 1220 and phototransistor 

The carrier and aqueous phases may each be split into four receiver 1225 pair may be incorporated into a module 1200 
streams with cylindrical symmetry around an inlet axis 25 designed for droplet sensing . The module 1200 may be 
through which they are introduced . Each new stream may designed such that the diode 1220 and phototransistor 
radially be transported away from the axis , and intersected receiver 1225 fit snugly into embossed features on the 
with its immiscible counterpart in T - junctions arranged exterior of the 1200 , creating a beam path that intersects a 
around the axis . This " equal path - length distribution ” straight pass channel element 1205 . The channel may carry 
method may be similar to that demonstrated in parallelizing 30 water droplets dispersed in a fluorocarbon oil phase formed 
operation of the tunable mixer circuit described above . by an upstream T - junction circuit , as illustrated in FIG . 12B . 

FIG . 10 illustrates an example of a flow - focus configu - Such an NIR sensor could also be embedded in a different 
ration emulsification circuit . The potential to produce even type of module , such as an L - joint 335 , a mixer 340 , a 
smaller droplets while leveraging the ability to construct T - junction 345 , or an interface module 355 . In other cases , 
three - dimensional systems may be demonstrated by replac - 35 other electromagnetic frequencies ( e . g . , radio , microwave , 
ing the T - junction sub - circuit with a flow - focus sub - circuit . infrared , visible light , ultraviolet ) may be used in a similar 
The input carrier stream assembly may be built around the sensor . 
aqueous phase flow axis ( which may include two aqueous FIG . 12B illustrates an example of an assembly where the 
inputs 1010 ) such that carrier phase ( with the carrier intro - near infrared ( NIR ) sensing module of FIG . 12A is placed 
duced via carrier input 1020 ) is as transported vertically 40 downstream from a T - junction producing droplets that 
down into an X - junction 1040 where droplets are formed absorb the near infrared ( NIR ) beam as they cross its path . 
The aqueous phase flow rate may be varied once again and The droplets may be an aqueous solution 1230 in a carrier 
the carrier phase flow rate may be raised to 5 mL hr - in solution 1235 joining at T - junction 1240 before a measure 
order to prevent droplet coalescence in the connector chan - ment is taken by the phototransistor receiver 1225 of the 
nels near the outlet . Example results of the flow - focus 45 NIR sensor module 1200 . The channel may carry , for 
configuration emulsification circuit of FIG . 10 are illustrated example , water droplets dispersed in a fluorocarbon oil 
in FIG . 11B . phase formed by an upstream T - junction 1240 of the circuit 

FIG . 11A illustrates an example of droplet length mea - of FIG . 12B , 
surements , measured along the center axis of exit tubing , for FIG . 12C illustrates an example of a periodical signal 
the T - junction emulsification circuit of FIG . 8 . The droplet 50 generated by the output of the phototransistor receiver in 
length measurements are taken using a constant carrier flow FIG . 12A . For example , the phototransistor receiver 1225 of 
rate 1105 of 1000 microliters per hour . The droplet length the module 1200 may reach a detection threshold 1250 of 
( vertical axis 1120 ) visibly increases as the aqueous flow 4 . 724 volts , which may indicate a particular droplet length 
rate ( horizontal axis 1110 ) increases . Several dark - colored detected by the phototransistor receiver 1225 . An exemplary 
aqueous droplets are shown in light - colored carrier solu - 55 electronic circuit whose output may correspond to the signal 
tions . For example , droplet 1130 , measured at an aqueous of FIG . 12C is illustrated in FIG . 13 . 
flow rate of approximately 1000 milliliters per hour , is FIG . 12D illustrates an example of droplet length mea 
noticeable larger than droplet 1125 , which was measured at surement distribution as determined by an near infrared 
an aqueous flow rate of approximately 600 milliliters per ( NIR ) sensor and through optical measurements . In particu 
hour , and which is noticeably larger than droplet 1120 , 60 lar , the graph of FIG . 12D charts a count ( along a vertical 
which was measured at an aqueous flow rate of approxi - axis 1265 ) of how many droplets of a sample of multiple 
mately 200 milliliters per hour . droplets , as measured by an NIR sensor 1280 ( e . g . , by the 

FIG . 11B illustrates an example of droplet length mea - phototransistor receiver 1225 ) of a module 1200 , were 
surements , measured along the center axis of exit tubing , for detected at each of a number of various droplet lengths 
the flow - focus configuration emulsification circuit of FIG . 65 ( along the horizontal axis 1260 ) . These NIR counts are 
10 . The droplet length measurements are taken using a compared on the chart with a count ( along a vertical axis 
constant carrier flow rate 1155 of 5000 microliters per hour . 1265 ) of how many droplets of the sample , as measured by 
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an optical micrograph 1285 , were detected at each of a a market - available glass bead thermistor 1405 is configured 
number of various droplet lengths ( along the horizontal axis to make contact with a microfluidic flow through a channel 
1260 ) . The comparison ( see legend 1270 ) indicates that the 1410 and therefore measure the temperature of the micro 
results are similar . fluidic flow . The sensor 1405 may , for example , be calibrated 

FIG . 13 illustrates an example of an electrical circuit 5 for flow - rate dependent behavior and is presumed to read the 
diagram depicting the operation of the near - infrared droplet temperature of the flow within the accuracy specified by a 
measurement element . The voltage signal across the NPN thermistor data sheet corresponding to the thermistor 1405 . 
phototransistor detector 1225 biased in saturation mode may M agnetic Actuation 
be monitored . As droplets of water cross the beam , they may FIG . 15 illustrates an example of a magnet integrated into 
absorb the near - infrared light from the infrared ( and / or near 10 a module . In applications in biochemistry , micron scale 
infrared ) light emitting diode ( LED ) 1220 much more than paramagnetic beads ( not shown ) may be introduced to 
the carrier oil . The resulting signal may be digitized and different compounds ( e . g . , a fluid flowing through channel 
communicated to a computer device by a microcontroller in 1510 ) in order to provide a removable substrate for surface 
order to determine the droplet production frequency . chemistries to occur . In other words , the magnetic beads can 

The length of the droplets may be deduced from the 15 be introduced to different reagents and withdrawn using a 
average flow velocity in the channel and half - period of the magnet 1505 ( e . g . , a permanent magnet or an electromag 
signal ( i . e . the droplet residence time in the beam ) , and net ) . In this system , magnetic beads in microfluidic flows 
compared directly with droplet sizes measured by optical can be actuated to transfer from one reagent to another in a 
microscopy . The results show good agreement between the module with a local magnet or electromagnet , as shown in 
two techniques . They suggest that , by incorporating more 20 FIG . 15 . This may be used to detect a particular compound 
market - available discrete electronic devices into the mod - within a fluid by introducing the reagent to magnetic beads , 
ules , active process monitoring and feedback control sys - removing the beads after a fluid has passed through channel 
tems can be implemented with ease . 1510 , and detecting reactions from the reagents after 

Manufacturing and Post - Processing removal of the magnetic beads . 
Modifying the surface properties of the channels may be 25 Valve Actuation 

performed by coating them with a fluoropolymer coating via FIG . 16 illustrates an example of a module with an 
a vapor - phase technique for modifying channels in PDMS integrated valve unit . Controlling fluid flows may be accom 
devices in a laboratory . Such techniques may be used to coat plished through specialized modules of the integrated valve 
an inner surface of a module channel to produce different unit 1605 with micro - solenoid valves integrated directly into 
surface energies , hydrophobic properties , or other effects . 30 the module framework , as shown in FIG . 16 . 

For example , a surface containing a water droplet sur 
rounded by oil on an uncoated surface may have a higher Further Examples 
contact angle ( e . g . , over 90 degrees and relatively flat 
against the surface ) than water droplet surrounded by oil on A robust solution for the rapid bench - top assembly of 
a coated surface , which may have a relatively low contact 35 three - dimensional microfluidic systems from a library of 
angle ( e . g . , lower than 90 degrees and jutting away from the standardized discrete elements is described herein . Modules 
surface ) . Coating the surface of a channel may thus produce may be fabricated using additive manufacturing methods 
effective modification of the channel hydrophobicity by and characterized by their terminal flow characteristics . This 
initiated chemical vapor deposition . Initiated chemical vapor may enable the use of circuit theory to accurately predict the 
deposition ( iCVD ) may be used to coat the channels in 40 operation of a microfluidic mixing system with scalable 
stereo - lithographically fabricated modules with poly ( 1H , complexity in three dimensions . The assembly time ( from 
1H , 2H , 2H - perfluorodecyl acrylate - co - ethylene glycol dia - part selection to initial testing ) for a complex system can be 
crylate ) , making the channel walls hydrophobic and increas - less than one hour . In addition to being much faster to 
ing the contact angle of a water droplet in oil ( e . g . , from prototype than monolithic devices , this system may also 
67 . 90 to 138 . 39 ) . Such a coating need not affect the optical 45 allow for three - dimensional configurations which were not 
clarity of the photoresin material of channels and / or modules previously possible using older technologies . 
and / or connectors . By discretizing and standardizing the primitive elements 

In addition to reversible assembly techniques ( e . g . , the comprising such systems , newly found design complexity 
male coupling pins and female coupling ports illustrated in may naturally allow for hierarchal system analysis tech 
FIG . 1A ) , several approaches to permanently or semi - 50 niques borrowed from the hydraulic analogy to electronic 
permanently coupling multiple modules may be used . These circuit design . In turn , this may allow the designer to focus 
approaches may be mechanical , thermal , or chemical in more on satisfying a dynamic set of operational load require 
nature , and may produce varying coupling durabilities . For m ents , rather than working within the restrictively static 
example , two modules may be coupled ( with or without a environment of planar manufacturing 
connector 325 ) using fast - curing epoxy or silicone pipe 55 The ability to reconfigure these systems towards 
sealant via direct application with a cotton tipped applicator . expanded operational capabilities may be further demon 
A microfluidic circuit may also be potted by connecting strated by attaching three emulsification sub - circuit modules 
interface modules to breather tubes , completely immersing to a simple mixing circuit in order to form droplets over a 
the assembly in PDMS , and curing it at a predetermined high wide range of volumes and generation rates . Despite less 
temperature ( e . g . , approximately 30° C . ) for a predeter - 60 need for analytically predictable operation , piecewise vali 
mined amount of time ( e . g . , approximately 24 hours ) . dation may also be shown for these canonical two - phase 

Thermal Sensing flow systems by qualifying the mixer sub - circuits and then 
A variety of sensors may be integrated in this system in turn the emulsifier sub - circuits for functionality . In a 

beyond the NIR emitter - receiver pair described above . monolithic device , each of the circuits demonstrated may 
FIG . 14 illustrates an example of a thermal sensing 65 comprise a single system prone to complete failure due to 

module where the channel coming in from the top surface singular manufacturing error or design error of a single 
can house an off - the - shelf thermistor diode 1405 . In FIG . 14 , element . In the systems described in this disclosure , modules 
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in circuit assembly may be quickly assessed for their inde means that the claim is not intended to and should not be 
pendent contribution to failure and replaced or modified interpreted to be limited to these corresponding structures , 
accordingly . After successful test and validation , the devices materials , or acts , or to their equivalents . 
may optionally be sealed into permanent configurations The scope of protection is limited solely by the claims that 
while maintaining their optical clarity and ease of interfac - 5 now follow . That scope is intended and should be interpreted 
ing . to be as broad as is consistent with the ordinary meaning of 

The operational performance of one of these circuits may the language that is used in the claims when interpreted in 
be monitored by including a single active module capable of light of this specification and the prosecution history that 
performing in - situ sensing . The ability to reconfigure this follows , except where specific meanings have been set forth , 
system may thus also be advantageous from the standpoint 10 and to encompass all structural and functional equivalents . 
of metering systems before finalization of a design . In Relational terms such as “ first ” and “ second ” and the like 
addition , the inclusion of active sensing modules may be may be used solely to distinguish one entity or action from 
particularly advantageous when considering process moni - another , without necessarily requiring or implying any 
toring in highly complex systems with many sub - circuits : actual relationship or order between them . The terms " com 
densely routed microfluidic systems may not integrate well 15 prises , " " comprising , ” and any other variation thereof when 
into standard analysis tools such as optical microscopes . used in connection with a list of elements in the specification 

The modules and channels described herein , and the or claims are intended to indicate that the list is not exclusive 
arrangements that can be made using them , can make and that other elements may be included . Similarly , an 
discrete microfluidics a valuable development vehicle for a element preceded by an “ a ” or an “ an ” does not , without 
complex design that has not yet been achieved . With a wider 20 further constraints , preclude the existence of additional 
library of passive and active modules to choose from , this elements of the identical type . 
system can replace monolithically integrated devices for None of the claims are intended to embrace subject matter 
many microfluidic applications . In addition , this system may that fails to satisfy the requirement of Sections 101 , 102 , or 
benefit immensely as industrial additive manufacturing tech - 103 of the Patent Act , nor should they be interpreted in such 
nologies also improve , allowing for the further miniaturiza - 25 a way . Any unintended coverage of such subject matter is 
tion of elements and development of an even larger selection hereby disclaimed . Except as just stated in this paragraph , 
of elements and materials . nothing that has been stated or illustrated is intended or 

FIG . 17A illustrates an internal view of an exemplary should be interpreted to cause a dedication of any module , 
optical sensor module where an LED is housed on the top step , feature , object , benefit , advantage , or equivalent to the 
surface of the module and a sensor is housed on the bottom 30 public , regardless of whether it is or is not recited in the 
surface of the module . claims . 

FIG . 17B illustrates an opaque external view of the The abstract is provided to help the reader quickly ascer 
exemplary optical sensor module of FIG . 17A . tain the nature of the technical disclosure . It is submitted 

FIG . 18 illustrates an example of a mixer module with a with the understanding that it will not be used to interpret or 
visible opening on the front left side and a non - visible 35 limit the scope or meaning of the claims . In addition , various 
opening on the right - back side , and a visual indicator on the features in the foregoing detailed description are grouped 
top surface . together in various embodiments to streamline the disclo 

FIG . 19 illustrates an example of a straight - pass module sure . This method of disclosure should not be interpreted as 
with two openings at the top and at the bottom , and with a requiring claimed embodiments to require more features 
visual indicator present on several side surfaces of the 40 than are expressly recited in each claim . Rather , as the 
module . following claims reflect , inventive subject matter lies in less 

The modules , steps , features , objects , benefits , and advan - than all features of a single disclosed embodiment . Thus , the 
tages that have been discussed are merely illustrative . None following claims are hereby incorporated into the detailed 
of them , nor the discussions relating to them , are intended to description , with each claim standing on its own as sepa 
limit the scope of protection in any way . Numerous other 45 rately claimed subject matter . 
embodiments are also contemplated . These include embodi - The invention claimed is : 
ments that have fewer , additional , and / or different modules , 1 . A system for modular fluid handling , the system 
steps , features , objects , benefits , and / or advantages . These comprising : 
also include embodiments in which the modules and / or steps a first module of a first three - dimensional polyhedral 
are arranged and / or ordered differently . 50 shape , the first module comprising a material and 
Unless otherwise stated , all measurements , values , rat having an exterior with four or more faces ; 

ings , positions , magnitudes , sizes , and other specifications a first opening on a first face of the four or more faces of 
that are set forth in this specification , including in the claims the first module , wherein the first face is of a first 
that follow , are approximate , not exact . They are intended to polygonal shape ; 
have a reasonable range that is consistent with the functions 55 a second opening on a second face of the four or more 
to which they relate and with what is customary in the art to faces of the first module , wherein the second face is of 
which they pertain . the first polygonal shape ; 

All articles , patents , patent applications , and other publi a microfluidic channel passing through at least part of the 
cations that have been cited in this disclosure are incorpo first module and passing a fluid between at least the first 
rated herein by reference . 60 opening and the second opening ; 

The phrase “ means for ” when used in a claim is intended a light emitter embedded into the first module , wherein 
to and should be interpreted to embrace the corresponding the light emitter emits light that intersects with the 
structures and materials that have been described and their microfluidic channel while the microfluidic channel 
equivalents . Similarly , the phrase " step for ” when used in a passes the fluid ; 
claim is intended to and should be interpreted to embrace the 65 a receiver embedded into the first module , wherein the 
corresponding acts that have been described and their receiver receives the light emitted by the light emitter 
equivalents . The absence of these phrases from a claim that intersects with the microfluidic channel , wherein a 
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voltage signal from the receiver is indicative of a 11 . The system of claim 1 , wherein the parameter of the 
parameter of the fluid while the receiver receives the fluid is a droplet frequency of the fluid . 
light that intersects with the microfluidic channel ; 12 . The system of claim 1 , wherein the light emitter and 

a first coupling mechanism on the first face of the first the receiver are embedded into a stereo - lithographically 
module , wherein the first module is connected to a 5 fabricated part of the first module . 
second module of the first three - dimensional polyhe - 13 . The system of claim 1 , wherein the light emitter is 
dral shape via a first connector , the first coupling embedded into one or more embossed features on a third 
mechanism securing the first connector to the first face face of the four or more faces of the first module , and 
of the first module and allowing fluid flow between the wherein the receiver is embedded into one or more 
first opening and the second module through the first 10 embossed features on a fourth face of the four or more faces 
connector ; and of the first module . 

a second coupling mechanism on the second face of the 14 . A system for modular fluid handling , the system 
first module , wherein the first module is connected to a comprising : 
third module of the first three - dimensional polyhedral a plurality of modules , wherein each module of the 
shape via a second connector , the second coupling 15 plurality of modules is of a first three - dimensional 
mechanism securing the second connector to the sec polyhedral shape , wherein each module of the plurality 
ond face of the first module and allowing fluid flow of modules comprises a material through which a 
between the second opening and the third module microfluidic channel passes and carries fluid between a 
through the second connector , wherein the fluid flows plurality of openings that are each on different faces of 
along at least one microfluidic flow path through each 20 an exterior of the module , wherein one of the plurality 
module and each connector of an assembly constructed of modules is an optical sensor module , a light emitter 
using a plurality of modules and a plurality of connec and a receiver embedded into the optical sensor mod 
tors , the plurality of modules including at least the first ule , wherein the light emitter emits light that passes 
module and the second module and the third module , through the microfluidic channel of the optical sensor 
the plurality of connectors including at least the first 25 module at least while the microfluidic channel of the 
connector and the second connector , wherein the plu optical sensor module carries the fluid , wherein the 
rality of modules of the assembly are tiled in three receiver receives the light and outputs a voltage signal 
dimensions within a three - dimensional regular polyhe that is indicative of a parameter of the fluid ; and 
dral grid . a plurality of connectors , wherein each connector of the 

2 . The system of claim 1 , further comprising : plurality of connectors includes a second microfluidic 
a microcontroller that identifies that the voltage signal channel , wherein each module of the plurality of mod 

from the receiver has reached at least a detection ules is connected to at least one other module of the 
threshold voltage , indicating that a droplet of the fluid plurality of modules via one of the plurality of con 
is of at least a particular length . nectors so that the plurality of modules and the plurality 

3 . The system of claim 1 , wherein the three - dimensional 35 of connectors are connected together into an assembly 
polyhedral grid is based on the first three - dimensional having at least one microfluidic flow path conveying 
polyhedral shape , and wherein a subset of the plurality of the fluid through each module and each connector of 
modules of the assembly are secured in a polyhedral primi the assembly , wherein the plurality of modules of the 
tive cell arrangement based on the first three - dimensional assembly are tiled in three dimensions within a three 
polyhedral shape in which one of the subset of the plurality 40 dimensional polyhedral grid . 
of modules is positioned at each corner of the polyhedral 15 . The system of claim 14 , wherein the plurality of 
primitive cell arrangement . modules includes a thermal sensor module having a therm 

4 . The system of claim 1 , wherein the receiver is a istor embedded therein , wherein the thermistor is in contact 
phototransistor . with the microfluidic channel of the thermal sensor module . 

5 . The system of claim 1 , wherein the parameter of the 45 16 . The system of claim 14 , wherein at least a subset of 
fluid is a length of a droplet of the fluid . the plurality of modules modulate a concentration of an 

6 . The system of claim 1 , wherein the plurality of modules ingredient within the fluid to a predetermined concentration . 
includes a magnet module having a magnet embedded 17 . The system of claim 14 , wherein the plurality of 
therein that withdraws a magnetic bead from the fluid , modules of the assembly include at least one three - dimen 
wherein the magnetic bead is a substrate to a reagent . 50 sional polyhedral primitive cell arrangement of modules . 

7 . The system of claim 1 , further comprising a coating 18 . A method of modular fluid handling , the method 
applied along an interior surface of the microfluidic channel comprising : 
via initiated chemical vapor deposition , wherein the coating receiving a fluid into a microfluidic flow path comprising 
modifies hydrophobicity of the interior surface of the micro a plurality of microfluidic channels that are connected 
fluidic channel . 55 to each other , wherein a first subset of the plurality of 

8 . The system of claim 1 , further comprising a microcon microfluidic channels are within a plurality of modules , 
troller that digitizes the voltage signal from the receiver . wherein a remainder of the plurality of microfluidic 

9 . The system of claim 1 , wherein a surface of the channels other than the first subset are found in a 
microfluidic channel includes a surface material that reacts plurality of connectors , wherein each module of the 
with one or more chemicals in the fluid flowing through the 60 plurality of modules is of a first three - dimensional 
microfluidic channel . polyhedral shape , wherein each connector of the plu 

10 . The system of claim 1 , wherein the light that is rality of connectors is of a second shape , wherein each 
emitted by the light emitter and received by the receiver is module of the plurality of modules is connected to at 
of one or more electromagnetic frequencies , wherein the one least one other module of the plurality of modules via 
or more electromagnetic frequencies include at least one of 65 one of the plurality of connectors so that the plurality 
an infrared ( IR ) frequency or a near - infrared ( NIR ) fre of modules and the plurality of connectors are con 
quency . nected together into an assembly , the microfluidic flow 

in 
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path conveying the fluid through each module and each 19 . The method of claim 18 , further comprising : 
connector of the assembly , wherein the plurality of generating a digitized signal via a microcontroller asso 
modules of the assembly are tiled in three dimensions ciated with the first module by digitizing the voltage 
within a three - dimensional polyhedral grid ; signal from the receiver ; and 

receiving the fluid into a first opening of the microfluidic 5 transmitting the digitized signal from the microcontroller to a computing device , thereby conveying the param channel of an optical sensor module of the plurality of eter of the fluid to the computing device . modules while the fluid traverses the microfluidic flow 20 . The method of claim 18 , wherein the fluid is passed path ; through the plurality of microfluidic channels on a scale of 
passing the fluid through the microfluidic channel of the nano - liters or smaller , and further wherein flow of the fluid 

optical sensor module to a second opening of the is laminar during passage of the fluid through at least a 
microfluidic channel of the optical sensor module ; subset of the plurality of microfluidic channels . 

emitting light from a light emitter embedded into the 21 . The system of claim 1 , wherein each connector of the 
optical sensor module so that the light intersects with plurality of connectors includes a first coupling module that 
the microfluidic channel of the optical sensor module secures to a coupling mechanism of one of the plurality of 
while the fluid passes through the microfluidic channel 15 modules , a second coupling module that secures to a cou 
of the optical sensor module ; pling mechanism of another of the plurality of modules , a 

spacer arranged between the first and second coupling receiving the light via a receiver embedded into the 
optical sensor module ; and modules and a connector channel passing the fluid between 

outputting a voltage signal from the receiver in response 2 an opening along the first coupling module and an opening 
20 along the second coupling module . to receiving the light via the receiver , wherein the 

voltage signal is indicative of a parameter of the fluid . * * * * * 


